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ABSTRACT 
 
 The nanopattern print and etch process has played a significant role in the development of 
the modern technology. Our group has already developed the electrochemical nano-imprint 
process called solid state superionic stamping (S4) using AgIAgPO& glass as the solid electrolyte 
to pattern and transfer nanostructures on the silver. This technology is economically low-cost, 
high efficiency, and environmentally friendly. The whole process will not generate liquid waste 
or particles. In this thesis, we will review the process of how to make AgIAgPO& glass. Then, the 
method of how to scale up the S4 stamp from 5mm to 1-inch in diameter based on the previous 
study will be introduced. Also, the design process of the plate-to-roll system for high-volume 
manufacturing will be analyzed. Finally, to ensure the quality of the nanostructure and the 
lifetime of the stamp use, the effects of the rolling parameters including rolling speed, etching 
force, and patterning current or voltage will be studied.  
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CHAPTER 1 
 
INTRODUCTION 
 Since the concept of nanotechnology was first stated by Richard Feynman in 1959, sixty 
years has passed. One of the more intriguing questions that attract scientists’ attention are the 
fabrication and patterning of metal nanoscale structures. With the development of nanoscale 
technology, smaller and smaller sized devices have been invented and widely used in the 
semiconductor, micro-electric, or optical system company. The need for more efficient ways of 
the nanopatterning requires new methods to be explored. In today’s industries, the most common 
methods for nanopatterning are UV lithography and electron beam (e-beam) lithography (EBL) 
along with nanoimprint lithography that has become more common in the last decade.  
 
1.1 Current Nanopatterning Techniques 
 UV lithography uses the solubility change of photoresist by exposure of ultraviolet light 
to create a pattern. Photomasks with patterns are used to control the exposed and unexposed area. 
Two main types of photoresists are known as positive and negative tone resist and can be used to 
determine whether the exposed areas need to be preserved or removed. In UV lithography, the 
resolution of the nanostructures is limited by the wavelength of the light. In 2010, the resolution 
can be reached 32 nm linewidths with deep-UV ArF-light sources operating at 193 nm 
wavelength. [3] In 2019, the resolution has been achieved at 7 nm. [13] 
 Another useful method for nanoscale patterning is EBL. This method uses an electron 
sensitive resist coated substrate and a single beam of electrons to produce a pattern by directing 
the beam to write on the surface. Much like UV lithography, there are two different types of 
resists that are removed or preserved from exposure to the beam. The patterned is then developed 
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and the pattern revealed. Compared to optical lithography, EBL is not restricted to the 
wavelength of light but uses the size of the electron beam to define the linewidth. [14,15] Since 
the size of the beam can be much smaller than the wavelength of light, EBL allows better 
resolution than optical lithography. The resolution of a high-end EBL system can pattern lines 
down to 10 nm. [3] However, the EBL can only write at slower speeds making larger area 
patterning a very time-consuming process. Not only is the process slow over larger areas, but 
EBL systems can be quite costly.  
 Besides the two well-known methods are introduced above, another method called 
nanoimprint lithography (NIL) was invented by Stephen Chou in 1995. [3] This method uses the 
prepared hard material mold with certain nano-structures are first made on it. Then the prepared 
mold is pressed into the softer resist-coated substrate with the certain force applied. Finally, the 
reactive ion beam (RIE) is applied on the etched substrate to remove the compressed resist. [16] 
This method is considered as low cost and high yield.  
 
1.2 Solid State Superionic Stamping Development Process 
 Based on the need for nanopatterning techniques and recent advances in solid electrolyte 
synthesis, the framework for solid state superionic stamping was developed. The solid 
electrolytes are used as both the cathode and anode. The superionic conductor material 
(AgIAgPO&) of the glass stamp serves as the connecting bridge. [1,2] The silver ions can be 
transferred from the cathode to accumulate and re-materialize as solid silver at the anode side. 
The AgIAgPO& material made stamp with 5mm diameter size has been invented for etching 
utilized this concept. [1,2]  
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In this thesis paper, more further developments of the stamp setup will be conducted. In 
chapter 2, the synthesis of the AgIAgPO& glass will be described and reviewed in detail. Chapter 
3 will discuss the process involved in scaling up of the stamp size from 5 mm in diameter to 
10mm in diameter. The method of how to adjust the surface curvature variation will detailed 
initially. The imprinting and etching results will then be demonstrated. In chapter 4, the scale up 
to a 25 mm diameter stamp will be established. In chapter 5, the concept of the plate to roll setup 
will be discussed. The lifetime experiments of the stamps will also be discussed to understand 
how long the stamp lasts after repeated etching. Chapter 6 will discuss the future work of a new 
application of the AgIAgPO& glass roller to replace the chemical mechanical planarization (CMP) 
with respect to the damascene process. We noticed the stamp surface crack problem happening 
after long time etching; this chapter will also discuss a scheme of how to eliminate that problem. 
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CHAPTER 2 
AGIAGPO3 GLASS PREPARATION 
 
2.1 Introduction 
 Based on previous work, the desired material for the solid-state superionic stamping is AgIAgPO&. The percent of the AgI and AgPO& is determined by the transition temperature and the 
ionic conductivity. The transition temperature range is between 80 C and 260 C for the different AgI compositions ranging from 0 to 50%, where the lower percent of the AgI in AgIAgPO& results 
in a higher transition temperature. To operate the preparation process in a suitable temperature 
environment, the 50% of AgI formulation has been found to best match our needs. The behavior 
of the 37.5% AgI in AgIAgPO& will be discussed later as well.  
 The environmental stability of the  AgIAgPO& glass is highly dependent on the conditions 
it is exposed to including temperature, humidity and illumination intensity. The surface of the glass 
will rapidly degrade when subjected to a high temperature and high humidity environment. 
Contamination can clearly be observed on the surface after only a few days due to temperature and 
environmental moisture exposure. Since the glass is optically transparent, overexposure to ambient 
light will also cause degrading of the glass surface. To achieve chemical stability and stable ionic 
conductivity, a dark, dry and vacuum environment is required to preserve the AgIAgPO& glass. To 
preserve the AgIAgPO& glass, the sample are wrapped with aluminum foil to protect them from 
light and kept in the vacuum desiccator as shown in Figure 1. 
 
 
 
 
 
 
5 
 
Figure 1: The method of preserving AgIAgPO& glass. 
 Section 2.1 discusses the percent of the AgI	and	AgPO& and how to preserve the AgIAgPO& 
glass. In section 2.2, the method of how to produce the silver phosphite will be discussed, and 
section 2.3 will discuss the method of producing AgIAgPO&.  
 
2.2 Production of Silver Phosphite 
 The silver phosphite is made by mixing the silver nitrate and ammonium phosphate in a 
one to one mole ratio. The process includes several steps, and each step is related to the 
decomposition temperature of the materials. The reaction of the process is introduced by Farabi 
[2]:  𝐴𝑔𝑁𝑂& + (𝑁𝐻4)𝐻5𝑃𝑂4 → 𝐴𝑔𝑃𝑂&(𝑙) + 𝑁𝐻&(𝑔) + 𝐻5𝑂(𝑔) + 𝑁𝑂9(𝑔) 
Since this process will generate noxious gases such as 𝑁𝑂9	and 𝑁𝐻&, a fume hood is need for 
safety. Once the proper amount of silver nitrate and ammonium phosphate is weighed, the mixture 
should be melted at roughly 200 C and slowly increased to 300 C, which is above the melting 
temperature of (NH4)H5PO4 (190 C) but below the decomposition temperature of silver nitrate 
(440 C). The purpose of this step is to degas all the NH& gases before the silver nitrate decomposes. 
After heating for approximately 30 minutes to complete the degassing process of the ammonia, 
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the color of the mixture should turn from orange to clear. The next step is to heat the mixture from 
300 C to 400 C. This step should take around 1.5 hours, and the ramp rate of the temperature 
increase should be kept slow at about 1 degree per minute. The temperature should be manually 
adjusted to prevent the liquid mixture from going over the side of the crucible. The reason for the 
slow ramp rate is due to the fact that when the temperature approaches 400 C, the mixture will 
solidify again. However, the degassing will continue, and the solid portion of the glass can 
overflow. The final step is to gradually increase the temperature to between 440 C and 540 C and 
holding for 4 hours. During this step, the silver nitrate will fully decompose and release the NO< 
gas. Since the degassing process can be slow, the liquid AgPO& is complete only after all the brown NO< gases are released. The whole process is shown in figure 2: 
                             
                                             (a)                                                                      (b)  
                                 
                                            (c)                                                                        (d) 
Figure 2: The process of making AgPO&. (a) Temperature at 265 C. (b) Temperature at 
315 C before fully degassing. (c) Temperature at 315 C after fully degassing. (d) 
Temperature at 400 C, overflow of the solid layer. Experiments were performed in 
collaboration with Pierce Blazina and Haenah Kim. 
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The hot liquid is then poured onto an aluminum plate and compressed with a cold block to 
quench the AgPO&. The product of the solid AgPO& should be broken into the small chips, and the 
color of the product should be clear and transparent. The AgNO& in our project is 99.995%. But if 
the percent is not high enough (99.95%), the product AgPO& will turn to light green due to the 
extra copper impurity as shown in Figure 3: 
 
Figure 3: The color difference of the AgPO&. Experiments were performed in 
collaboration with Shama Barna, Pierce Blazina and Haenah Kim. 
 
 As mentioned in 2.1, the AgPO& should be protected from light and moisture and is 
wrapped in aluminum foil inside a vacuum desiccator once cooled. 
 
2.3 Production of 𝐀𝐠𝐈𝐀𝐠𝐏𝐎𝟑 
 To produce the specific ratio AgIAgPO&, the appropriate amount of AgI should be 
measured out. Because of the adhesion of the AgI powder to the sides of the container, always 
measure out 0.005 g more of the reactant. To make (AgI)C.E(AgPO&)C.E, measure out and grind 
the AgPO& to make sure the mole ratio of the two reactants is 1:1. Put both materials into the 
alumina crucible. The mixture is then heated in a furnace above the melting temperature of AgI 
(554 C) at 600 C for 1 hour and then cool down to 400 C. After 2.5 hours, the material is 
transferred to a pyrex glass tube and returned to a temperature of 400 C for 60 hours to separate 
the aluminum contamination. The process is shown in figure 4.  
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                                        (a)                                                                                  (b) 
                                    
                                       (c)                                                                                   (d) 
 
(e) 
Figure 4: The process of making AgIAgPO&. (a) Mix the appropriate ratio of AgI and AgPO&. (b) The mixture melts at 600 C. (c) After 2.5 hours of heating at 400 C. (d) The 
mixture is transferred to a pyrex glass tube for 60 hours. (e)	AgIAgPO& at room 
temperature. Experiments were performed in collaboration with Shama Barna, Pierce 
Blazina and Haenah Kim. 
 
 The color of the AgIAgPO& glass will turn from dark red to clear yellow after cooling 
down to room temperature. With a lower percent of the AgI in AgIAgPO&, the color of the glass 
will become more faint yellow, and the physical properties such as hardness and melting point 
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will also be different. The glass is harder and has a higher melting point with a smaller percent of 
the AgI ratio. 
 A method for how to clean residue of AgIAgPO& sticking onto the wafer surface is useful 
in order to prevent contamination of a surface. Aqua regia can be used to remove the AgIAgPO& 
glass residue on a Si wafer. The wafer surface can be completely cleaned after soaking the wafer 
in aqua regia for two hours. However, this method is not compatible with nickel because the etch 
selectivity is higher for nickel than for AgIAgPO& and will completely etch the nickel. Figure 5 
shows the process of cleaning.  
     
                                           (a)                                                                           (b) 
 
(c) 
Figure 5: Process of cleaning AgIAgPO& glass residue. (a) Before putting into aqua regia 
solution. (b) After 30 minutes. (c) After 2 hours. Experiments were performed in 
collaboration with Shama Barna, and Haenah Kim. 
 
 
 
 
 
 
 
10 
CHAPTER 3 
10-MM DIAMETER SOLID STATE SUPERIONIC STAMPING 
 
3.1 Introduction 
 The Solid-State Superionic Stamping process consists of two parts. The first part is the 
stamp making that utilizes AgIAgPO& to transfer the micro-scale or nano-scale pattern from the 
wafer-based master to the stamp. This part of the process is called imprinting. The second part 
involves transferring the pattern from the stamp by etching the metal-based substrate (e.g. silver 
or copper). Both parts of this process use the large transfer printer that has both temperature and 
load control system (load cell). The Gamry supplies the constant voltage or current used in the 
etching process. The masters we used are supplied by the 3M company made with nickel and 
silicon as shown in figure 6. 
              
                                        (a)                                                                    (b) 
Figure 6: (a) Nickel mold shown with 320 nm hole arrays. (b) Silicon mold has random 
line patterns. 
 
 Our first goal is to scale up the stamp size from 5 mm in diameter. To enlarge the stamp 
holder from 5 mm diameter to 10 mm diameter or even larger, a new design for the stamp holder 
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and the whole stage was needed because the previous setup is too small and not feasible. The 
new design is shown in figure 7.  
 
(a) 
 
(b) 
Figure 7: (a) The new design of the stamp holder. (b) The new design of the stage. 
To ensure successful etching of the substrate with a larger stamp, fully contact of the 
stamp surface and the silver substrate surface is necessary but can only be achieved if the surface 
of the glass stamp is “flat” (surface variation below 1 µm). To achieve the desired height 
variation of the surface curvature, the temperature of the stamp holder has to be controlled within 
the range of the glass transition temperature (65 C-80 C) for (AgI)C.E(AgPO&)C.E during the 
imprint process. The profilometer is then used to measure flatness and determine the effects of 
 28 
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the temperature on the surface curvature. The same process can be used to determine the 
influences of other parameters like applied force, cooling rate, relaxation time and relaxation 
force on the surface flatness. 
 A similar study was conducted earlier for 5 mm diameter stamps by Jacobs [1]. Figure 8 
shows the profile of the stamp surface curvature appearances for different temperatures of the 
stamp holder while the mold is kept at 100 C. The results show that with an increase in 
temperature, the stamp surface changes from concave to convex at a temperature of 65 C. [1] 
 
Figure 8: Temperature effects on the curvature study for 5 mm diameter stamp from Kyle 
Jacobs’ PHD thesis. [1] 
 
3.2 Curvature Analysis and Imprint Experiments 
 The experimental setup of the large transfer printer consists of a top and a bottom with 
heating capabilities. The top side is the stamp holder stage which connects to the motor and the 
load cell which can detect and apply a known force. Thermal wires are attached to the stage, and 
a thermocouple is connected to detect and control the temperature. The bottom side is an 
aluminum plate with a similar heating system for heating up the wafer or patterned mold.  
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Figure 9: The transfer printer setup. 
Before pressing the glass into the mold, an anti-stiction coating should be applied to the 
mold surface. This coating prevents the AgIAgPO& glass from sticking to the mold. The mold 
consisted of either silicon or nickel, and an anti-stiction coating of Perfluorodecyltrichlorosilane 
(FDTS) was deposited on the mold by a Molecular Vapor Deposition (MVD) tool before doing 
the experiments. After each imprint is finished, the mold needs to be cleaned to remove the 
coating and deposit a new layer. This process is necessary and should be done every time before 
doing any other experiments.  
The experiment for the imprint process includes several steps. First, melt the (AgI)C.E(AgPO&)C.E glass on the stamp holder. When the glass cools down, the surface of the 
stamp will become a round shape. Then stamp is then taken to the large transfer printer and 
inserted into the stage. Next, the stamp is heated to nearly the transition temperature (65 C) while 
the mold is at 100 C. After both sides reach the desired temperature, the stamp is lowered to the 
top side of the mold and a load is applied to make the (AgI)C.E(AgPO&)C.E spread out to the 
desired diameter. A camera can be set in front of the system to record and prevent the over-
spread of the glass. When the desired diameter of the stamp is reached, the force is decreased to 
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release the surface stress of the stamp, this process is referred to as relaxation. After a few 
minutes of relaxation which allows the (AgI)C.E(AgPO&)C.E to creep, the bottom stage is cooled 
from 100 C to the 65 C. During this cooling process, the cooling rate is one of the parameters 
that affects the surface curvature variation. When both sides achieve the same temperature of 65 
C, the top side is moved away releasing the glass from the mold. At this point, the imprint 
process is finished, and the pattern has been transferred from the mold to the AgIAgPO& stamp.  
When the stamp cools down to room temperature, it is ready for the next step which is the 
etching process. The same top setup on the large transfer printer is used as introduced before, but 
the stage is disconnected from the heating system. Then mold is then replaced by a glass slide or 
a flat wafer coated with 1.5 µm thick silver that will be patterned. Both sides are then connected 
to the Gamry, and the patterned stamp is put in contact with the silver. After everything is 
connected and well contacted, a constant current or voltage is applied for or etching. During the 
etching process, the height and angles of stage can be adjusted to enable contact. After the 
etching is finished, the patterns are transferred from the  AgIAgPO& stamp to the silver sheet. 
From the previous study of the 5 mm diameter stamp making, temperature is considered 
the only parameter that influences the surface curvature. However, the next stage of the research 
required enlarging the area of the stamp surface from a 5 mm diameter up to a 25 mm diameter. 
With the increase of the surface area, more parameters were examined to determine their effects 
on the surface curvature. In this chapter, the effects of several more parameters will be 
introduced for making a 10 mm diameter stamp. 
 Initially the same parameters from the 5 mm stamp were used to do the test etching, and 
the results are shown in figure 10. Based on the first trial results, the center part of the stamp did 
not contact the silver layer, which means the stamp surface is concave. And if the perfectly flat 
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surface cannot be achieved, a convex surface is more feasible. Also, to eliminate the influence of 
the patterns on the stamp, a flat wafer was used instead of the patterned mold for surface 
curvature analyzing experiments.  
 
Figure 10: Result of the first test etching using old parameters. The photo is taken by 
Shama Barna. Experiments were performed in collaboration with Shama Barna, and 
Pingju Chen. 
 
The experiment started exploring temperature control because temperature is the main 
parameter that influences the curvature of the surface. Figure 11 shows that as the temperature 
increases from 65 C to 75 C, the curvature variation decreases from 1.7 µm to 1.2 µm. However, 
the surface curvature never changes from concave to convex. 
 
Figure 11: Surface curvature variation analysis at different imprint temperatures. The 
results of the profilometer were scanned by Shama Barna. Experiments were performed 
in collaboration with Shama Barna. 
In order to check out how the AgIAgPO& glass deforms during the experiments; the 
design of the stamp holder has a view window on the center of the holder to let the light come 
through (figure 12). A plug is inserted at the back of the stamp holder to prevent leakage of the 
 
 
 
 
16 
glass. It was determined that the thermal conductivities of the different materials caused 
shrinkage of the AgIAgPO& glass.  
 
Figure 12: Comparison between two different stamp sizes. 
The non-uniform cooling is due to the low thermal conductivity of  AgIAgPO& compared 
to aluminum, and this non-uniformity and shrinkage caused a variation in the surface curvature. 
Based on that, the stamp holder was re-designed, and the view window was reduced in size. 
From the results in figure 13, the smaller hole diameter gave better results than the larger hole 
diameter. However, the holder without a view window showed the best results but because the 
view window is necessary the 6mm holder diameter holder is the best option. 
 
Figure 13: Surface curvature variation analysis at different stamp holder size. The result 
of profilometer is scanned by Shama Barna. Experiments were performed in 
collaboration with Shama Barna. 
Since the temperature used was close to the transition temperature of the 50% glass, other 
parameters were also studied. Based on the temperature control experiments, 75 C gave the 
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surface with the smallest height variation. So, the next two sets of experiments studied the 
cooling rate and relaxation time at 75 C with an applied force of 5 lbf and a bottom plate 
temperature setting of 100 C. The results are shown in figure 14. 
 
                               (a)                                                                    (b)  
Figure 14: Surface curvature variation analysis. (a) The influence of cooling rate on 
surface curvature. (b) The influence of relaxation time on surface curvature. The result of 
profilometer is scanned by Shama Barna. Experiments were performed in collaboration 
with Shama Barna and Pingju Chen. 
 
 From the results of the experiments, it was determined that the different cooling rates do 
not change the surface curvature variation much. However, the slower cooling rate makes the 
stamp surface rougher. The slower cooling rate increase the contacting time between the stamp 
surface and the hotter bottom plate. The longer relaxation makes the stamp surface rougher while 
the shorter relaxation isn’t long enough for the stamp to creep and release the stress. As a 
conclusion, the -1.5 C/min and 3 minutes relaxation gave the best results at approximately 1 µm.   
 Another factor could cause the stamp surface to be uneven is the amount of the applied 
force during stamp contact. The load used for the 5 mm diameter stamp imprint is 5 lbf. Since 
the area is four times larger, the load should be quadruple to maintain the same pressure, and the 
results from this change is shown in figure 15. 
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                                                 (a)                                                      (b) 
Figure 15: (a) Surface curvature variation analysis at different imprint force. (b) The fine 
tuning of the load. The result of profilometer is scanned by Shama Barna. Experiments 
were performed in collaboration with Shama Barna and Pingju Chen. 
 
 A huge difference in surface variation can be seen between the higher and lower forces. 
Also, between 20 lbf and 25 lbf, the transition from concave to convex can now be seen. The fine 
tuning of the load is also shown in figure 15. The 22.5 lbf gives a convex curve of 200 nm while 
25 lbf shows a concave curve around 300 nm. At this point, the influence of temperature is 
needed to verify this result, and the result is shown in figure 16. 
 
Figure 16: Surface curvature variation analysis at different imprint temperature. The 
result of profilometer is scanned by Shama Barna. Experiments were performed in 
collaboration with Shama Barna and Pingju Chen. 
 
 The stamp surface become much rougher at 80 C, and a larger variation appears at 65 C. 
However, all three results show the desired convex shape. One more set of experiments was done 
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on the (AgI)C.&FE(AgPO&)C.G5E glass. Since the percent of AgI is decreased, the transition 
temperature should be higher and the whole setup should be operated at a higher temperature 
environment. From figure 17, the trend of the transition from concave to convex for temperature 
tuning appears to be the same as the 50% glass. So, the temperature effect of  AgIAgPO& was 
determined for any percent composition.  
 
Figure 17: Surface curvature variation analysis at different temperature for (AgI)C.&FE(AgPO&)C.G5E glass. The result of profilometer is scanned by Shama Barna. 
Experiments were performed in collaboration with Shama Barna. 
 
 In conclusion, for (AgI)C.E(AgPO&)C.E glass, the parameters that gave the best results 
include a 75 C holding temperature, 22.5 lbf pressing load, 3 minutes relaxation time and -1.5 
C/minute cooling rate for a 200 nm convex surface curvature. These parameters now allow for 
feasible imprinting and etching of a metal surface.  
 
3.3 Etching Results and Discussion 
 Since the parameters for making a relatively flat stamp surface were now determined, 
further studies were needed to imprint using silicon and nickel molds. The methods introduced 
before are used to make the patterned stamp as shown in figure 18. 
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` 
Figure 18: Stamp surface after imprinting. 
 This stamp is now ready to be used for etching. Before etching starts, it should be 
determined if the stamp is in full contact with the silver, and adjustments to the stage height and 
angle can be made until full contact is achieved. After connecting everything together, several 
aspects of the experimental process were checked. First, the top side and bottom side of the stage 
needs to be insulated, and the current should only pass through the AgIAgPO& stamp to the silver 
coated sheet to prevent a short. Second, the silver coated sheet should be insulated from the 
aluminum heating plate to prevent overload to the system. Then, a constant voltage of 2 V is 
applied. The applied force starts at 3 lbf, and when the current feedback is lower than 100 µA, the 
applied load can be increased gradually to 10 lbf. If the feedback current becomes lower than 50 
µA at 10 lbf, the etching process is considered to be complete. The results of silver after etching 
and the SEM results are shown in figure 19. 
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                                    (a)                                                                             (b)  
 
                            (c) 
Figure 19: Etching results. (a) Line patterns from silicon mold on silver sheet. (b) Hole patterns 
from nickel mold on silver sheet. (c) SEM results of line patterns. The SEM result is scanned by 
Shama Barna. Experiments were performed in collaboration with Shama Barna and Pingju. 
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CHAPTER 4 
ONE-INCH DIAMETER SOLID STATE SUPERIONIC STAMPING 
 
4.1 Introduction 
After finishing the 10mm stamp imprint and etching, a totally new system was designed 
for making 25 mm diameter stamps. The stamp holder graphics are shown in figure 20(a), and the 
detailed drawings are shown in appendix A. Since the area of the 25 mm stamp is 4 times larger 
than the 10 mm and 25 times larger than 5mm diameter stamp, the original temperature control 
system was not able to apply enough power to maintain a constant temperature of the whole stage. 
The new 200 W silicone rubber heating system is shown in figure 20(b). 
 
(a) 
 
(b) 
Figure 20: (a) New design of the stamp holder and stage. (b) The actual setup on transfer 
printer. 
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We started at the new design of the 25 mm diameter stamp with the view window which is 
similar to previous. However, the glass fell off when etching for a long time which is shown in 
figure 21. 
 
Figure 21: AgIAgPO& glass fell off after long time etching. 
 After the previous design did not allow the glass to adhere well, a new design for 
clamping the AgIAgPO& glass is introduced in figure 22. The view window chamber is filled by 
transparent Acrylic to prevent leakage, and there is an angled sidewall to the cavity to help the 
glass stay secured to the holder. 
 
(a) 
 
(b) 
Figure 22: (a) Re-design of the stamp holder for 25 mm diameter. (b) The picture of 
actual 25 mm diameter stamp. 
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4.2 Curvature Analysis and Imprint Experiments 
 To test imprinting and etching on the new 25 mm size, the same parameters used for 
making the 10 mm diameter stamp were used including an imprint force of 22.5 lbf, a holding 
temperature of 75 C, a relaxation time of 3 minutes, a cooling rate of -1.5 C/minute and an 
etching voltage of 2 V. Etching results are shown in figure 23. The same problem of incomplete 
contact of the stamp was noted with the center part of the stamp not fully in contact with the 
silver sheet. To correct this issue, a surface curvature analysis is needed for the 25 mm diameter 
stamp study. 
 
Figure 23: Test etching. Experiments were performed in collaboration with Shama Barna 
and Pingju Chen. 
 
 The temperature control experiments were performed first because the temperature 
affects the spread of the AgIAgPO& glass more than any other parameters, and the temperature 
effect can dramatically influence the surface curvature. The imprint force for the temperature 
control experiment is 35 lbf and relaxation time is 3 minutes. Also, a wafer was used instead of 
the patterned mold to analyze the surface curvature similar to previous experiments. The 
transition of the surface curvature from concave to convex is shown in figure 24. A temperature 
of 80 C gave the relatively best result of around 1.3 µm variation. 
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Figure 24: Surface curvature variation analysis at different imprint temperatures. The 
result of profilometer is scanned by Pingju Chen. Experiments were performed in 
collaboration with Pingju Chen. 
 
 A force-controlled experiment was performed at 80 C to find out how the applied load 
influences the surface curvature of the stamp. Figure 25 shows that a smaller force (30 lbf) will 
cause the stamp surface to be convex, and a higher force (40 lbf) will cause the surface to be 
concave. However, the result of the 35 lbf at 80 C (2 µm) doesn’t match the previous experiment 
(1.3 µm), and there seem to be more factors that are influencing the surface curvature. 
 
Figure 25: Surface curvature variation analysis at different imprint forces. 
 Since the transition temperature of the AgIAgPO& is around 70 C-80 C, being too close to 
the upper limit of the transition temperature may cause the wafer to stick to the hot stamp surface 
during release. A new set of experiments with different release temperatures was designed to 
-10 -5 0 5 10
Stamp Position (mm)
-6
-4
-2
0
2
Su
rfa
ce
 H
eig
ht
 (u
m
)
Force Control at 80C 3min
30lb
35lb
40lb
 
 
 
 
26 
look at these effects. In these experiments, the imprint temperature is assigned at 80 C while the 
releasing temperatures are tested differently, and the result is shown in figure 26. During these 
experiments, the imprint temperature is held at 80 C, and the imprint load applied is controlled at 
35 lbf. The surface curvature can be measured at the different temperatures until the transition 
from concave to convex is determined. In this case, the 70 C release temperature gave the best 
curvature measurement of around 1.4 µm. 
 
Figure 26: Surface curvature variation analysis at different release temperature. 
 The experiment was done at 70 C to check whether the results could be repeated. The 
surface was scanned at three different diameters across the stamp surface to check for surface 
variations and is shown in figure 27. 
 
Figure 27: Surface curvature variation analysis at imprint temperature of 70 C and relax 
for 3 minutes. 
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 The next step is to find the influence of increasing the relaxation time. In theory, a longer 
relaxation time will allow more time for the stamp surface to creep and release the stress inside. 
In reality, a longer relaxation time doesn’t improve the surface curvature, but a longer contact 
with the hot wafer may cause the surface of the stamp to become rougher. Figure 28 shows that a 
30 minutes relaxation made a difference in curvature along different directions as the stamp 
surface becomes extremely large. 
 
Figure 28: Surface curvature variation analysis at imprint temperature of 70 C and relax 
for 30 minutes. 
 
 In conclusion, another new parameter called release temperature is found to affect the 
surface curvature. And to make the surface relatively flat, the imprint parameters for a 25 mm 
diameter stamp is an imprint force of 35 lbf, a holding temperature of 80 C, a release temperature 
of 70 C, and a relaxation time of 3 minutes.  
 
4.3 Etching Results and Discussion 
The first attempt at etching was on a silicon wafer with a silver coating of 2 µm. A flat 
wafer imprint was used with the parameters found in chapter 4.2. The etching process was done 
using a 600 µA constant current control and a 7 lbf applied force. The result is shown in figure 
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29. Only 70% of the stamp area is in good contact with the silver layer, and a clear boundary can 
be seen with an area due to variations in the concave shape of more than 2 µm.  
 
Figure 29: First attempt etching with flat surface. Experiments were performed in 
collaboration with Pingju Chen. 
 
Another interesting phenomenon appears during the etching experiment which is the 
dendritic growth of silver is observed on the stamp edge and forming a “silver bridge” which is 
shown in figure 30. This situation can be dangerous, because a short circuit occurs once the 
silver dendrite connects the silver film and stamp holder. This means the top stage and bottom 
stage are now electrically connected, and an overload current situation could damage the large 
transfer printer.  
   
Figure 30: “Silver bridge” formed after long time etching. Experiments were performed 
in collaboration with Pingju Chen. 
 
 Although the same methods and parameters are used for imprinting each time, the surface 
variation of the stamp can be different for each imprinting; and the variation of the surface can 
be larger than 2 µm. In order to minimize these variations, an improved design was developed 
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for preparing the silver coated substrate and is shown in figure 31. A 60 µm layer of polyimide 
was added between the silver and the silicon wafer to accommodate the surface variation of the 
stamp. 
 
Figure 31: New design of preparing the silver coated substrate. Experiments were 
performed in collaboration with Pingju Chen. 
 
 With the newly designed silver coated substrate, the same constant current of 600 µA is 
applied. However, the added polyimide layer required a much larger applied load. Initially a flat 
wafer was used to imprint and etch. The profilometer scan result of the stamp surface is shown in 
figure 32. The overall variation in height is slightly over 2 µm, and the shape of the curvature is 
concave. A force of almost 20 lbf is applied when etching, and nearly full contact is achieved.   
 
                                   (a)                                                                 (b)  
Figure 32: (a) Profilometer scan result of the stamp surface. (b) Etching result.  
 
Next the patterned mold was used to imprint, and the compared results are shown in 
figure 33. Compared to the previous result, nearly the whole stamp area was in contact with the 
silver coated substrate with an applied load of 35 lbf and an applied constant current of 600 µA. 
The resulting pattern is shown in the SEM image shown in figure 33. 
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                                 (a)                                                                             (b) 
 
(c) 
Figure 33: (a) The etching results from previous experiments. (b) The completed 20mm 
stamp etching. (c) SEM results. The SEM result is scanned by Pingju Chen. Experiments 
were performed in collaboration with Pingju Chen. 
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CHAPTER 5 
PLATE-TO-ROLL SYSTEM  
 
5.1 Introduction 
 Since the stamp etching from 5 mm diameter to 25 mm diameter has been demonstrated, 
achieving a larger area patterns transfer needs to be considered. For industrial applications, there 
is a need for a simple and fast method of continuous and repeated metal nanopatterning. Plate-to-
roll processing is a very promising way to realize this goal. Since the 10 mm and 25 mm 
diameter stamps have been demonstrated, these larger stamps will be utilized in the plate-to-roll 
S4 process. The larger area stamp is used as the cathode, and the Kapton tape film coated with 
silver will be mounted on the roller and used as the anode. The load cell in transfer printer will 
be used to maintain a controlled line contact between the stamp and the anode. Same as the 
previous etching process, only the silver film and the AgIAgPO& glass are connected to let the 
constant voltage or current can pass through. The whole setup is shown in figure 34. 
 
 
Figure 34: The setup of the plate-to-roll system on the transfer printer.  
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 In this chapter, section 5.2 will discuss the initial rolling applied along a 6 mm distance 
with a constant voltage using the 10 mm diameter stamp as a substrate. Because stamp life is 
important for the application of this technology, the basic setup will be explored. In section 5.3, 
the effects of applied constant current experiments will be studied with respect to stamp lifetime. 
Section 5.4 will examine a longer rolling distance up to 30mm. In this section, a new model of 
stamp will also be developed. In section 5.5, the results will be concluded, and the future works 
should be discussed. 
  
5.2 6mm-long Rolling with Constant Voltage Experiments 
The general process of the plate-to-roll experiments can be separated into several steps. 
First, the roller is brought in contact with the stamp with the desired contact force. At this step, a 
certain amount of voltage or current is applied to the surface to etch. The line contact shape after 
etching is used to determine whether the contact is good or not and whether any adjustments to 
the stage are needed. (Figure 35) 
             
                                                      (a)                                        (b) 
Figure 35: (a) Bad contact. (b) Good contact. Red line represents the contact length. 
Experiments were performed in collaboration with Pingju Chen. 
 
Second, the stage is rolled parallel to the stamp surface causing contact between the film 
and the stamp. During this process, a force should be applied that allows etching to occur, and 
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the corresponding rolling speed will need to be determined. The etching rate at different rolling 
speeds needs to be calculated to refine etching results. 
 The initial experiments were used to find the activation energy for the plate-to-roll 
system when applying constant voltage. A repeating linear sweep was done by sweeping 6 
circles from 0-4 V with scan rate 150 mV/s and step size of 2.5 mV in the Gamry. Data was 
collected the current feedbacks graphs from the Gamry, and the results of the two sets of 
different stamps with same the (AgI)C.E(AgPO&)C.E glass are shown in figure 36. Based on the 
results, the 1st circle always does not show the activation peak because the system needs the time 
to stabilize. The currents of the following cycles decrease over time because of decreasing 
mobility of the mobile species. From the graphs, the activation energy for (AgI)C.E(AgPO&)C.E 
glass should be at least 0.4 V but below the secondary reaction voltage at around 1 V. 
 
 
Figure 36: Activation energy analysis for the plate-to-roll system. The graphs are plotted 
by Pingju Chen. Experiments were performed in collaboration with Pingju Chen. 
 
 After finding the activation energy needed, the load and voltage applied during rolling 
needs to be established. Before determining these parameters, the 10 mm diameter stamp needs 
to be imprinted. And the depth of the hole in stamp surface is around 125 nm.   
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 The results of different applied voltages are shown in figure 37. Based on the results, the 
patterns can not be etched at 1 lbf. When the load was increased to 3 lbf, 0.3 V can only give 
partially etching while the 0.7 V gave us the best results. 
 
Figure 37: SEM results for different voltage applied. The SEM results are scanned by 
Pingju Chen. Experiments were performed in collaboration with Pingju Chen. 
 
 The 0.7 V and the 3 lbf gave the best results for the 6 mm rolling, and based on 
preliminary calculations, the 50 µm/s rolling speed can be used for the life time experiments with 
constant voltage control. The P2R experiments were repeated approximately 40 times using the 
same stamp and are shown in figure 38. 
 
(a) 
 
(b) 
Figure 38: (a) The etching results after 40 prints. (b) The SEM scanning results. The 
SEM results are scanned by Pingju Chen. Experiments were performed in collaboration 
with Pingju Chen. 
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 After 40 times, the pillars on the stamp surface have been eroded. The height and the 
volume of each pillar is only 1/3 of the original one. Based on the SEM results, the hole patterns 
start to become shallow and deformed after 30 prints, and the area of missing patterned areas 
increases. From these findings, the stamp can only survive roughly 30 imprints under a constant 
0.7 V driving voltage and 3 lbf imprint force with a 50 µm/s rolling speed. The next step is to 
repeat the experiments with constant current to find out whether the lifetime will increase. 
 
5.3 6mm-long Rolling with Constant Current Experiments 
Based on the activation energy experiments from the previous chapter, the constant-
current patterning experiments will begin imprinting at 50 µm/s and an imprint force of 3 lbf. 
The related driving current will be from 300 µA to 1000 µA.  
The results for different applied currents with the same rolling speed and imprint force 
are shown in figure 39. At the 600 µA current, the patterns shown in the SEM image in figure 39 
are very similar to the mold which indicates this current, etching force of 3 lbf, and rolling speed 
of 50 µm/s are optimal 
 
(a) 
 
(b) 
Figure 39: (a) The etching results from 300 µA to 1000 µA. (b) The SEM result at 600 
µA. The SEM result is scanned by Pingju Chen. Experiments were performed in 
collaboration with Pingju Chen. 
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The next question is to figure out what combination of etching parameters are ideal below 
600 µA since a lower etching current may give a longer lifetime. The optimal etching force and 
the paired rolling speed are needed for 500 µA and lower. Rolling speed from 10 µm/s to 50 
µm/s were used for different etching currents. Based on preliminary results, the faster rolling 
speed generates shallower and smaller diameter patterns, and a lower current needs a slower 
rolling speed to produce better shaped patterns. In conclusion, in order to generate better shaped 
patterns, the 600 µA is paired with 50 µm/s, the 500 µA is paired with 30 µm/s, the 400 µA is 
paired with 20 µm/s, the 300 µA is paired with 10 µm/s and the 200 µA is paired with 10 µm/s. 
 
5.4 Lifetime Experiments 
Once the appropriate rolling speed paired with the applied current are determined, the 
next step of the experiments is to develop the stamp lifetime examination at two extreme cases 
(600 µA and 200 µA). During the lifetime experiments with the 600 µA, a constant current was 
applied. The continuous etching stops when the stamp surface cracked, and the voltage feedback 
becomes unstable. At this step, the stamp is broken, and the patterns are damaged. Based on the 
preliminary results from figure 40, the voltage feedback graph suggests the 600 µA, 3 lbf and 50 
µm/s can only give around 20 prints. 
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Figure 40: The 36 prints with 600 µA, 3 lbf and 50 µm/s rolling speed. Experiments were 
performed in collaboration with Pingju Chen. 
  
 Since the previous experiments show the 600 µA can only gave around 20 prints, a lower 
current of 200 µA should be able to produce more prints, the prints shown in figure 42 show 
more prints were possible at the lower current. 
 
Figure 41: The 47 prints with 200 µA, 3 lbf and 10 µm/s rolling speed. Experiments were 
performed in collaboration with Pingju Chen. 
 
 Based on the results from figure 41, patterns generated from the first 20 prints have more 
uniform edges. From around the 30th print, the patterns start to show signs of pillar roughening. 
 
 
 
 
38 
After roughly a dozen imprints, the experiment was stopped, and the glass was allowed to relax 
for one hour. After that time, the voltage dropped back to the activation voltage. However, after a 
few more prints, the voltage got higher again. It is possible that running the stamp in an 
overpotential state shortens the stamp lifetime. From the previous results, a 200 µA constant 
current with 10 µm/s rolling speed and 3 lbf etching force allows a stamp to be reused 
approximately 40 times. After which the structure on the stamp surface becomes shorten and 
damaged. 
 
5.5 Lifetime Experiments below Drift Current 
 Since both 200 µA and 600 µA give less than 50 prints, it is possible that the current is 
larger than the stamp can handle. The drift current density calculated from both conductivity and 
mobility & concentration is around 20	 JKLLM. A drift current for rolling was rolling was calculated 
to be around  50	𝜇𝐴. 
 The initial current used for the experiment was 20 µA, which is below the drift current. 
The same etching force 3 lbf is used, and different rolling speed were studied from 10 µm/s to 1 
µm/s as shown in figure 42. Based on the etching, a current of 20 µA and a 3 µm/s rolling speed 
did show promising results. 
 
Figure 42: Etching results at different rolling speed. Experiments were performed in 
collaboration with Pingju Chen. 
 
 Stamp lifetime experiments were then done using a current of 20 µA, a rolling speed of 3 
µm/s, and a relaxation time of 15 minutes between each print. With the slower rolling speed, the 
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overall printing process took a longer time so only 30 prints were studied. The results are shown 
on figure 43. 
 
 
(a) 
 
(b) 
Figure 43: (a) 30 times etching with 20 µA at 3 µm/s on silver sheets. (b) SEM results at 
1st and 30th prints. The SEM result is scanned by Pingju Chen. Experiments were 
performed in collaboration with Pingju Chen. 
 
 Based on the SEM scanning results, there is no noticeable stamp surface degradation or 
damage after 30 prints, and the voltage outputs are stable. The stamp lifetime should be more 
than 30 imprints, but how many more was not determined. Compared to the 600 µA and 200 µA, 
the 20 µA appears to give the best result, and decreasing the etching current (density) prolonged 
stamp lifetime. 
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CHAPTER 6 
FUTURE WORK AND CONCLUSION 
6.1 Future Work 
 Future work will involve improving the technology including stamp longevity and 
creating a glass roller. The stamp did suffer from surface cracking and future work will need to 
eliminate this problem. Looking into the state of the glass after cracking showed the formation of 
the silver on the backside of the stamp holder. The silver came from inside the AgIAgPO& glass 
where stress was formed because there isn’t enough space for the growing silver to deposit. This 
silver growth into the AgIAgPO& glass created the large volumetric strain and lead to the 
cracking of the glass surface. In the future, the first improvement can be a new design of the 
stamp holder which can be combined with a silver nitrite solution to etch away the silver being 
formed during etching to prevent these stresses in the glass. Figure 44 shows a new design with a 
porous stainless-steel disc that can provide space for the silver to grow into. Also, the porous 
structure may let the silver nitrite solution to fill inside and etch away the silver growth. 
However, there are large differences in the CTE and the thermal conductivity among stainless 
steel, aluminum and AgIAgPO& glass. The curvature analysis on the imprint force, imprint 
temperature, etc. should be reconsidered. With this new design, the lifetime experiments would 
also need to be redone to verify the ability of this method to avoid the surface cracks. 
 
Figure 44: New design of stamp holder for combining silver nitrite solution. 
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 Future work should also include the creation of a solid-state superionic stamping glass 
roller. During the industrial CMP (chemical mechanical planarization) process, it generates lots 
of environmentally unfriendly particles and liquids. To avoid this situation, a glass roller could 
be fabricated that replaces the CMP process by removing the excess material by super ionic 
stamping. The roller can be made of the AgIAgPO& as the roller surface to replace the regular 
metal roller in previous setup to reverse the plate-to-roll system setup described in chapter 5. The 
glass roller can continuously roll, and at the same time etch away the excess metal on the device 
surface. 
 
6.2 Summary 
 In conclusion, this research project developed several key parameters for stamp 
imprinting and lifetime. The stamp size has been enlarged from 5 mm in diameter to 10 mm in 
diameter and a final diameter of 25 mm. With each increase in stamp size, the complexity of the 
different imprint parameters dramatically increases. The imprint force is restricted by the limit of 
the large transfer printer, and the imprint temperature should be around the transition temperature 
of the  AgIAgPO& glass. A summary of the printing parameters is shown in table 1.  
Table 1: The result imprinting and etching parameters for different size of stamps. 
Stamp Size in 
Diameter Imprint Force 
Imprint 
Temperature Release Temperature 
Relaxation 
Time  
10 mm 22.5 lbf 75 C 75 C 3 minutes 
25 mm 35 lbf 80 C 70 C 3 minutes 
  
In this research project, the plate-to-roll process is built to achieve a continuously rolling 
and etching system. Experiments were done with different constant currents and voltages to 
determine the lifetime of the AgIAgPO& glass. If the silver growth that causes an increase in 
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strain in the stamp can be eliminated in the larger sized roller and stamp, the plate-to-roll process 
can be used to obtain etching without damaged structures on the stamp surface.  
 Solid state superionic stamping provides a convenient and efficient method to duplicate, 
transfer and etch the nanoscale structures precisely onto metal substrates. Compared to existing 
technology, S4 is more environmentally and economical friendly. This process has been scaled 
up to larger area patterns compared to previous research. With the development of different 
metal-based glass and substrates, more use for this technology can be found and explored.  
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APPENDIX A: DESIGN DRAWINGS OF STAMP HOLDERS AND STAGES 
 
 
 
Figure 45: Drawing of 10 mm diameter stamp holder with 12mm diameter view window. 
 
 
 
Figure 46: Drawing of 10 mm diameter stamp holder with 6mm diameter view window. 
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Figure 47: Drawing of stage for 10 mm diameter stamp holder. 
 
 
Figure 48: Drawing of stage for 10 mm diameter stamp holder_lock. 
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Figure 49: Drawing of stage for 25 mm diameter stamp holder_top part. 
 
 
Figure 50: Drawing of stage for 25 mm diameter stamp holder_bottom part. 
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Figure 51: Drawing of stage for 25 mm diameter stamp holder_lock. 
 
 
Figure 52: Drawing of 25 mm diameter stamp holder with view window. 
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Figure 53: Drawing of 25 mm diameter stamp holder without view window. 
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